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ABSTRACT
We present spectroscopic confirmation of three new two-image gravitationally lensed
quasars, compiled from existing strong lens and X-ray catalogs. Images of HSC
J091843.27–022007.5 show a red galaxy with two blue point sources at either side,
separated by 2.26 arcsec. This system has a source and a lens redshifts zs = 0.804
and z` = 0.459, respectively, as obtained by our follow-up spectroscopic data. CXCO
J100201.50+020330.0 shows two point sources separated by 0.85 arcsec on either side
of an early-type galaxy. The follow-up spectroscopic data confirm the fainter quasar
has the same redshift with the brighter quasar from the SDSS fiber spectrum at
zs = 2.016. The deflecting foreground galaxy is a typical early-type galaxy at a red-
shift of z` = 0.439. SDSS J135944.21+012809.8 has two point sources with quasar
spectra at the same redshift zs = 1.096, separated by 1.05 arcsec, and fits to the
HSC images confirm the presence of a galaxy between these. These discoveries demon-
strate the power of the Hyper Suprime-Cam Subaru Strategic Program (HSC-SSP)’s
deep imaging and wide sky coverage. Combined with existing X-ray source catalogues
and follow-up spectroscopy, the HSC-SSP provides us unique opportunities to find
multiple-image quasars lensed by a foreground galaxy.
Key words: gravitational lensing: strong – methods: observational.
? E-mail: anton@phys.kindai.ac.jp
1 INTRODUCTION
Over the four decades since the discovery of the first grav-
itationally lensed quasar (Walsh et al. 1979), these systems
have proven to be invaluable probes for both astrophysics
© 2020 The Authors
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and cosmology (e.g., Claeskens & Surdej 2002; Treu & Mar-
shall 2016). Astrophysical applications range from interme-
diate redshifts, with the measurement of extragalactic ex-
tinction curves (e.g., Falco et al. 1999; Østman et al. 2008),
the direct detection of dark matter substructures (e.g., Dalal
& Kochanek 2002; Vegetti et al. 2012), constraints on Warm
Dark Matter (WDM; e.g., Inoue et al. 2015), and the calibra-
tion of the stellar mass fundamental plane (e.g., Schechter
et al. 2014), to high redshifts, with elucidating the struc-
ture of quasar accretion disks (e.g., Yonehara et al. 1998;
Poindexter et al. 2008), their broad line regions (e.g., Sluse
et al. 2012; Fian et al. 2018), and the coevolution of su-
permassive black holes with their hosts galaxies (e.g., Peng
et al. 2006; Ding et al. 2017). In cosmology, statistically com-
plete samples of lensed quasars are used to set constraints
on dark energy (e.g., Oguri et al. 2008, 2012), and lensed
quasars with measured time delays are used to infer the
Hubble-Lemaˆıtre constant independent from other probes
(e.g., Suyu et al. 2010; Bonvin et al. 2017; Wong et al. 2020).
While these applications are broad, they all require dis-
tinct sample selection criteria, such that studies utilising
lensed quasars are limited at present by the small number
of ∼ 220 known systems.1 Nonetheless, the numbers have in-
creased considerably over the past decade and a half, due to
the availability of large-scale, deep multi-band optical imag-
ing surveys such as the Sloan Digital Sky Survey (SDSS,
York et al. 2000), and more recently the Panoramic Sur-
vey Telescope and Rapid Response System (Pan-STARRS,
Chambers et al. 2016), the Dark Energy Survey (DES, Ab-
bott et al. 2018), the Hyper Suprime-Cam Subaru Strate-
gic Program (HSC-SSP, Aihara et al. 2018a), and the Dark
Energy Spectroscopic Instrument (DESI) Legacy Imaging
Surveys (Dey et al. 2019). Various data mining techniques
have been employed to isolate the intrinsically rare lensed
quasars (Oguri & Marshall 2010) among the vast amounts of
possible contaminants. These include selecting from a par-
ent spectroscopic catalogue and applying morphological and
colour criteria (e.g., Oguri et al. 2006a), using machine learn-
ing techniques on both catalogue and pixel data (e.g., Ag-
nello et al. 2015), or engaging citizen science volunteers to
visually inspect large numbers of images (e.g., Sonnenfeld
et al. 2020a). Ultimately however, to convincingly confirm a
system as a lensed quasar requires extensive follow-up spec-
troscopy campaigns, which is why publishing lists of candi-
dates is common in the literature (e.g., Chan et al. 2020a;
Rusu et al. 2019).
In this paper, we present the spectroscopic confir-
mation of three new strongly lensed quasars compiled
from previous catalogs applied to the HSC-SSP footprint:
HSC J091843.27–022007.5, CXCO J100201.50+020330.0,
and SDSS J135944.21+012809.8 (hereafter J0918, J1002,
and J1359) at (RA Dec.) = (139.6803, −2.3354), (150.5063,
+2.0582), and (209.9342, +1.4693), respectively. Our pa-
per is organised as follows. Section 2 briefly illustrates the
candidate-compilation process. In Section 3, we describe the
imaging analysis. We present the results of the spectroscopic
follow-up observations of the systems in Section 4. In Sec-
tion 5, we present the mass modelling of the systems, and we
1 An up-to-date database is maintained at https://web1.ast.
cam.ac.uk/ioa/research/lensedquasars/.
conclude in Section 6. Throughout this paper, we adopt a
concordance cosmology with Ωm = 0.27, ΩΛ = 0.73, H0 = 73
km s−1 Mpc−1. All quoted magnitudes are on the AB system,
position angles are measured East of North, and uncertain-
ties are 1σ and are assumed to be Gaussian.
2 LENSED QUASAR CANDIDATE
COMPILATION
The lens candidates we report here are not the result of a
single systematic search. Instead, we compiled candidates
from three different methods employed by several of the au-
thors: looking for close companion object in the Chandra
catalog of X-ray selected objects (Evans et al. 2010), car-
ried out by co-author Anupreeta More, re-inspection of the
Sloan Digital Sky Survey Quasar Lens Search (SQLS, e.g.,
Oguri et al. 2006b; Inada et al. 2012) catalog, conducted
by co-author Issha Kayo, and further examination of the
Survey of Gravitationally-lensed Objects in HSC Imaging
(SuGOHI, Sonnenfeld et al. 2018, 2020b; Wong et al. 2018;
Chan et al. 2020b; Jaelani et al. 2020). In total, we selected
5 candidates, two from the first two methods each, and three
from SuGOHI, for conducting follow-up spectroscopic obser-
vations. Details of each candidate are described in the next
sections.
3 IMAGING
In this work, we use photometric data from the HSC Wide
S18A internal data release of the HSC survey (Aihara et al.
2019). The HSC Survey is an ongoing imaging survey, ex-
pected to cover about 1,400 deg2 in five bands (g, r, i, z and
y) down to r ∼ 26 with the Hyper Suprime-Cam (Aihara
et al. 2018b; Miyazaki et al. 2018; Komiyama et al. 2018;
Kawanomoto et al. 2018; Furusawa et al. 2018), using a
wide-field (1.7-degree diameter) optical camera installed on
the 8.2-m Subaru Telescope. The data are processed with
hscPipe, which is derived from the Vera C. Rubin Observa-
tory’s Legacy Survey of Space and Time pipeline (Axelrod
et al. 2010; Juric´ et al. 2017; Ivezic´ et al. 2008, 2019).
We model and analyse the multiband HSC imaging data
for the lens systems using GALFIT (Peng et al. 2002). For each
system, we measure relative positions of the fainter quasar
and the lens galaxy with respect to the brighter quasar, by
fitting a model composed of a point source for each quasar
image and a Se´rsic profile convolved with the point spread
function (PSF) for the lens galaxy. The PSF models are gen-
erated using the PSF Picker tool Aihara et al. (see details
in 2018c, 2019) for all of the HSC bands. Magnitudes of each
component, derived from the fits, are given in Table 1.
In Figure 1, we show the HSC multiband imaging
cutouts as well as the PSF-subtracted images, revealing the
lens galaxies. In general, the lenses are brighter in y band and
the quasars in g band, as expected from their red and blue
colours, respectively. We show an additional image of J1002
from data archive of the Hubble Space Telescope (HST)
Advanced Camera for Surveys (ACS) Wide Field Channel
(WFC), part of the Cosmic Evolution Survey (COSMOS,
Scoville et al. 2007a,b; Koekemoer et al. 2007) with 5σ de-
MNRAS 000, 1–7 (2020)
SuGOHI VII: Three Strongly Lensed Quasars 3
J0918
N
E
g r i z y
J1002 COSMOS ACS
J1359
Figure 1. HSC gri composite and multiband images of the three lensed quasars. Additionally, the COSMOS ACS F814W image for
J1002 is shown. The photometric bands are denoted in the upper left corner. Corresponding point source-substracted images based on
the GALFIT best-fit in each band are shown below the data. The size of each image of J0918, J1002, and J1359 are 5.54, 2.87, and 3.19
arcsec, respectively. North is up and East is left. Scale bars of 1 arcsec are displayed in the bottom left corner.
Table 1. Properties of three confirmed lensed quasars. The redshifts of lens and source are obtained from our follow-up spectra. The
relative astrometry in arcsec, and the magnitudes of the brighter (A), the fainter (B) quasar image and the lens galaxy (G) are obtained
by fitting the HSC images using GALFIT. The HSC image quality, in terms of the ”seeing” FWHM in arcsec, is also quoted. A tentative
result z` = 0.35 for J1359.
System [z`, zs] ∆RA ∆Dec. g r i z y
J0918 [0.459, 0.804]
A 0.00 0.00 20.57 ± 0.09 20.50 ± 0.09 20.73 ± 0.11 20.22 ± 0.05 20.46 ± 0.11
B −2.25 ± 0.02 0.22 ± 0.02 21.34 ± 0.13 21.24 ± 0.08 21.44 ± 0.13 20.99 ± 0.10 21.21 ± 0.06
G −1.67 ± 0.04 0.04 ± 0.03 22.12 ± 0.07 20.24 ± 0.06 19.36 ± 0.04 18.99 ± 0.07 18.78 ± 0.07
Seeing 0.82 1.01 0.77 0.74 0.86
J1002 [0.439, 2.016]
A 0.00 0.00 18.97 ± 0.23 18.63 ± 0.20 18.40 ± 0.26 18.32 ± 0.18 18.29 ± 0.29
B 0.14 ± 0.03 −0.84 ± 0.02 22.88 ± 0.17 21.79 ± 0.16 21.68 ± 0.20 21.52 ± 0.13 21.37 ± 0.13
G 0.13 ± 0.03 −0.74 ± 0.04 23.84 ± 0.15 22.23 ± 0.14 21.14 ± 0.11 20.83 ± 0.12 20.71 ± 0.11
Seeing 0.78 0.92 0.59 0.62 0.61
J1359 [ – , 1.096]
A 0.00 0.00 21.03 ± 0.19 20.58 ± 0.12 20.58 ± 0.17 20.63 ± 0.11 20.43 ± 0.11
B −0.54 ± 0.02 0.90 ± 0.02 21.80 ± 0.13 21.33 ± 0.16 21.31 ± 0.18 21.35 ± 0.12 21.08 ± 0.16
G −0.23 ± 0.03 0.55 ± 0.04 21.43 ± 0.05 20.22 ± 0.13 19.75 ± 0.08 19.31 ± 0.10 19.08 ± 0.12
Seeing 0.70 0.61 0.57 0.66 0.55
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Figure 2. 1D spectra of J0918 (panel a), J1002 (panel c, d), and
J1359 (panel b). Panel b shows only the ”red part” of the LRIS
spectra, with range 5500 - 8500A˚. The blue and red lines show the
two components, demonstrating that they are a nearly identical
quasar spectrum, and the grey line in panel c is the lens galaxy
spectra. Emission and absorption lines are marked by black and
grey dashed vertical lines, respectively.
tection limits for point sources of 27.2 AB magnitude in
F814W, hereafter COSMOS ACS.
4 SPECTROSCOPIC CONFIRMATION
Here, we describe our follow-up spectroscopic results for each
lens system. All observations were processed using standard
techniques within IRAF, and flux-calibrated using observa-
tions of spectrophotometric standards.
4.1 J0918
J0918 system was first discovered by Sonnenfeld et al.
(2020b) as part of the citizen science project SpaceWarps
(Marshall et al. 2016; More et al. 2016) using over 442 deg2
of data from the HSC survey. A volunteer identified two blue
point-like feature and a putative galaxy in between. A spec-
trum was obtained with the Inamori Magellan Areal Cam-
era and Spectrograph (IMACS; Dressler et al. 2011) on the
Baade 6.5-m telescope on 2019 April 1 and 2 (DirectoraˆA˘Z´s
Discretionary Time, PI: P. Schechter) using f/2 camera, 0.9
arcsec wide-slit, and 200 mm−1 grism.
The 1D spectra of the two point sources correspond to a
nearly identical quasar spectrum at zs = 0.804±0.001, based
on Mg ii, O ii, He i, Hδ, Hγ, Hβ, O iii lines. The blended
absorption lines of the lens galaxy with the fainter quasar B
can be seen clearly based on Ca K, Ca H, Hβ, Mg b, and Na
D, yielding a lens galaxy redshift of z` = 0.459 (see panel a
in Figure 2). Together with the presence of a red galaxy in
HSC images, the spectra confirm J0918 as a strongly lensed
quasar, with image separation 2.26 arcsec.
a)
A
B+G
b) c) d)
A
G
B
A
B
G
Figure 3. Panel a: Model images generated from GALFIT using
a PSF for the source images and a Se´rsic model convolved with
the PSF for the lens galaxy, showing the positions of the doubly-
lensed quasar images (A, B) and the early-type lens galaxy (G) for
each system (from top to bottom, J0918, J1002 and J1359, respec-
tively). The black solid bar at the bottom left of the panel shows
a scale of 1 arcsec. Panel b: GALFIT model-subtracted residual im-
ages. Panel c: Model images generated from lens mass modelling
of the lens system, where the source is assumed to be a point
source. Magenta and cyan lines indicate critical curves and caus-
tic, respectively. The true source positions are shown by cyan
dots. Panel d: The residual image obtained by subtracting the
model from the data.
4.2 J1002
This candidate was chosen from the Chandra catalog of X-
ray selected objects (Evans et al. 2010). These X-ray selected
AGN sources were inspected in the optical imaging search for
the presence of any close companions (e.g., Liu et al. 2013).
This system was first detected in the Sloan Digital Sky Sur-
vey (SDSS) as SDSS J100201.51+020329.4 as a quasar with
spectroscopic redshift of 2.016. Furthermore, this system
also has CFHTLS optical and near-infrared imaging, and
the COSMOS-Very Large Array (1.4 GHz) imaging in the
radio shows a detection. However, the spatial resolution and
sensitivity of these data are not enough to resolve this sys-
tem. The HSC images of J1002, however, unambiguously
reveal the presence of two sources with image separation
≈ 0.8 arcsec. This is an excellent example of HSC images
being ideal for finding small separation lenses. In the COS-
MOS ACS F814W imaging, we further detect emission from
a third object, which is acting as the lens galaxy (see Fig-
ures 1 and 3). With GALFIT, we measure magnitudes of A
= 18.52, B = 22.03, and G = 21.38 mag.
A near-infrared K-band (22,000A˚) spectrum was ob-
tained with the Infrared Camera and Spectrograph (IRCS;
Tokunaga et al. 1998; Kobayashi et al. 2000) at Subaru
Telescope using a setup of 0.45 × 18.0 arcsec slit, 52 mil-
iarcsec mode, R ∼ 400, and K-grism that covers the 19,300
- 24,800A˚ range, assisted with the Adaptive Optics sys-
tem AO188 (Hayano et al. 2008, 2010), on 2012 Novem-
ber 27 (o12438, PI: M. Schramm). The 1D spectra of the
two sources show the same broad emission line of Hα at
zs = 2.016±0.003. The results suggest that the fainter quasar
is highly likely to be at the same redshift as the brighter
quasar (see panel d of Figure 2).
MNRAS 000, 1–7 (2020)
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Table 2. Best-fit model parameters with 1σ errors from MCMC:
SIE velocity dispersion σSIE, ellipticity eSIE, position angle θeSIE ,
reduced χ2, degree of freedom NDOF, total source magnification
µtot, time delay between the two lensed images ∆tAB, Einstein
radius θEin, and enclosed mass MEin.
Lens Parameter J0918 J1002 J1359
σSIE (km s
−1) 319 ± 5 155 ± 3 173 ± 2
eSIE 0.16±0.04 0.39±0.03 0.14±0.04
θeSIE (deg) 20 ± 5 1 ± 4 67 ± 4
χ2red 1.36 2.27 1.43
NDOF 1284 2847 789
µtot 4.3 ± 1.8 4.9 ± 2.1 10.7 ± 3.1
∆tAB, days −141.3 ± 5.7 −18.7 ± 4.6 −5.6 ± 1.8
θEin, arcsec 1.11 ± 0.04 0.48 ± 0.03 0.53 ± 0.01
MEin, 1011h−1M 6.40 ± 0.40 0.63 ± 0.08 0.75 ± 0.04
We also carried out deep optical spectroscopy to obtain
the redshift of the lens galaxy. We used the Faint Object
Camera and Spectrograph (FOCAS; Kashikawa et al. 2002)
at Subaru Telescope on 2014 October 23 (o14500, PI: A.
More). The observations were made with 1 arcsec long-slit
mode, a 300R grating, and an SO58 order-cut filter, giv-
ing a spectral coverage of 5800-10000A˚ with a dispersion
of 1.34A˚ pixel−1. We detect absorption lines from the lens
galaxy based on Ca K, Ca H, G-band, Hβ, Mg b, and Na D
at z` = 0.439 ± 0.001 (see panel c of Figure 2).
4.3 J1359
J1359 system was listed as a likely lens candidate by the
Sloan Digital Sky Survey Quasar Lens Search (SQLS, e.g.,
Oguri et al. 2006b; Inada et al. 2012), however follow-up ob-
servations had not been performed due to the small separa-
tion (≤ 1 arcsec). We reinspected the SQLS candidate lists
using HSC images and re-graded this system as a highly
likely candidate. We can clearly observe an extended ob-
ject (galaxy) between two point sources with quite similar
colours (see Figure 1). The quasar was first detected in the
SDSS as SDSS J135944.21+012809.8 and has a spectroscopic
redshift of 1.096. This system was including as a part of pro-
gram to confirm dual quasars i.e., physical pairs (Silverman
et al. submitted).
We performed spectroscopic follow-up using the dual
beam Low Resolution Imaging Spectrometer (LRIS, Oke
et al. 1995; Steidel et al. 2004) at the Keck 1 telescope
on 2019 January 10 as a backup target during the COS-
MOS Lyα Mapping And Tomography Observations (CLAM-
ATO) Survey (Lee et al. 2018, U095, PI White). We exposed
for 600s in the blue and 590s in the red using the 1 arc-
sec width long-slit, the 5600A˚ dichroic, the 600 ` mm−1
blue grism (λblaze = 4000A˚), and the 400 ` mm−1red grating
(λblaze = 8500A˚). In panel b of Figure 2, we can see sepa-
rated spectra of the brighter and the fainter quasar, both
at zs = 1.096 ± 0.001 from the identification of several emis-
sion lines, Mg ii, Ne v, Ne vi, O ii, He i, S ii, and H∆, in
the red spectra. Unfortunately, we cannot extract the lens
galaxy information in the blue spectra due to bad seeing.
We find a tentative hint of the 4000A˚ break feature, which
corresponds to redshift z` ≈ 0.35. This is also consistent with
our rough estimation of the lens redshift, based on the HSC
colours.
5 LENSING PROPERTIES
We used the publicly available lens modelling software
glafic (Oguri 2010) to model the lensing configuration of
the three systems. In order to explore the parameter pos-
teriors, we ran a custom code that combines glafic and
the emcee (Foreman-Mackey et al. 2013) to perform Markov
Chain Monte Carlo (MCMC) sampling. With the exception
of J1002, where we fitted the COSMOS data, we used the
flux information in image pixels (within 7.56, 2.25, and 5.88
arcsec of J0918, J1002, and J1359, respectively) of the lens
galaxies and the quasar images in the HSC g band image,
which is less contaminated from the lens light, as constraints
for the lens mass model. We also masked out pixels did not
contribute either to the lens and the sources light from lens
model fitting.
Light from the lens galaxy and the unresolved source
quasars is modelled with a seven-parameter elliptical Se´rsic
profile and a three-parameter PSF profile, respectively. We
used the best-fitting parameters from GALFIT as initial pa-
rameters input to glafic to model the lens galaxy G. For
the source, we let every parameter of the PSF profile vary:
magnitude and as well as positions xs, ys. We consider a sin-
gular isothermal ellipsoid (SIE), with surface density given
by κ = θEin/
(
2
√
x˜2 + y˜2/(1 − e)2
)
where (x˜, y˜) are the coordi-
nates relative to the lens center along the semi-major and
semi-minor axes of the elliptical mass distribution, for the
lens mass model. The mass distribution is optimized in the
image plane by minimizing χ2 the flux information between
the observed and lens model image. The inferred angular
Einstein radius and enclosed mass is defined by
θEin = 4pi
(σSIE
c
)2 D`s
Ds
(1)
and
MEin = piΣcr(θEinD`)2 (2)
with Σcr = c2Ds/(4piGD`D`s) in terms of angular diameter
distance to the source Ds, to the lens D` , between the ob-
server and the source D`s, with gravitational constant G,
and the speed of light c. The results of lens modelling are
summarised in Table 2. Note for J1359 we used an estimated
lens redshift z` = 0.35 for the lens mass model.
6 CONCLUSIONS
We have presented the spectroscopic confirmation of three
new doubly lensed quasars, compiled from distinct catalogs.
The HSC images of J0918 and J1359 reveal two quasar im-
ages on either side of lensing source, separated by 2.26 and
1.05 arcsec, respectively, and a close companion for J1002.
COSMOS ACS image shows two resolved quasar images
and a putative lens galaxy for J1002. Spectra confirm that
each system is a lensing system with zs = 0.804, 2.016, and
z` = 0.459, 0.439, for J0918 and J1002, respectively. J1359
has two quasar spectra at zs = 1.096 with similar features
and the lens spectrum cannot be extracted due to poor see-
ing during observation.
We fit SIE lens models to the lenses and infer the Ein-
stein radius and enclosed mass. J1002 and J1359 have veloc-
ity dispersion σSIE = 155 and 173 km s−1 corresponding to
MNRAS 000, 1–7 (2020)
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enclosed mass within θEin of MEin = 0.63×1011 and 0.75×1011
h−1M, respectively. Hence, these systems provide the op-
portunity to study galaxies from the lower end of the mass
function compared to the typical galaxies that have been
studied with gravitational lensing so far.
The discovery of these lenses shows us the importance of
reanalysis or re-inspection of previous lens search catalogues,
by comparing to ongoing or upcoming imaging surveys of su-
perior quality. We have shown that the unique combination
of deep, wide imaging, high pixel resolution and good seeing
conditions of the HSC data make possible to discover small
separation lenses as part of the ongoing SuGOHI search.
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APPENDIX A: REJECTED CANDIDATES
By using the same instrument setup for observing
J0918 spectra, we observed two other candidates HSC
J113957.93−001010.8 and HSC J120755.44−010438.5 (see
Figure A1), which we convincingly reject. The first candi-
date was made up of four blue components in a quad-like
configuration, with odd flux ratios. The close pair should
have been brighter and the quadrilateral made by the four
images has two opposite sides that are twice as big as the
other pair of opposite sides. The spectrum of the two bright-
est components showed ionized knots with Hβ, O iii and Hα
which indicate a bunch of star forming regions likely as-
sociated to a galaxy at z ∼ 0.05. The spectrum of second
candidate likewise showed narrow Hβ and O iii at z = 0.37.
HSC J113957.93−001010.8 HSC J120755.44−010438.5
Figure A1. HSC gri composite images of the the two rejected
candidates. Scale bars of 1 arcsec are displayed in the bottom left
corner.
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